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Escherichia coli growing on glucose in minimal medium controls its metabolite pools in response to envi-
ronmental conditions. The extent of pool changes was followed through two-dimensional thin-layer chroma-
tography of all **C-glucose labelled compounds extracted from bacteria. The patterns of metabolites and spot
intensities detected by phosphorimaging were found to reproducibly differ depending on culture conditions.
Clear trends were apparent in the pool sizes of several of the 70 most abundant metabolites extracted from
bacteria growing in glucose-limited chemostats at different growth rates. The pools of glutamate, aspartate,
trehalose, and adenosine as well as UDP-sugars and putrescine changed markedly. The data on pools observed
by two-dimensional thin-layer chromatography were confirmed for amino acids by independent analysis. Other
unidentified metabolites also displayed different spot intensities under various conditions, with four trend
patterns depending on growth rate. As RpoS controls a number of metabolic genes in response to nutrient
limitation, an rpoS mutant was also analyzed for metabolite pools. The mutant had altered metabolite profiles,
but only some of the changes at slow growth rates were ascribable to the known control of metabolic genes by
RpoS. These results indicate that total metabolite pool (“metabolome”) analysis offers a means of revealing

novel aspects of cellular metabolism and global regulation.

Textbooks describing glucose metabolism in Escherichia coli
traditionally concentrate on the pathways for energy genera-
tion and the anabolic reactions leading to cellular building
blocks. This approach gives the impression that glucose me-
tabolism by E. coli is a biochemical entity with set pathways and
clear endpoints. In reality, and as recognized long ago, glucose
supplied to E. coli will end up in quite different products
depending on environmental conditions. For example, bacteria
growing at different pH values produce different metabolic
enzymes (16). Another complication is that bacteria supplied
with excess glucose convert some of it to acetate even under
aerobic conditions, whereas glucose-limited bacteria do not
generate this product (30). The fate of glucose is even more
complex under anaerobic conditions (40). In general, there is a
surprising lack of information on how global aspects of metab-
olism are affected by factors such as growth rate, stress, or
gene-regulatory mutations. To be able to harness and engineer
metabolism even in simple organisms (2), information about
the environmental effects on metabolism is essential. In this
study, we propose a means of studying metabolism, using the
concept of the “metabolome”, or total complement of metab-
olites in a cell, to look at global shifts in cellular function under
different growth conditions.

The pools of many individual metabolites as well as inter-
mediates in metabolic pathways have been measured in E. coli
in a multitude of earlier studies (see reference 3 for a recent
example). Analyses of classes of metabolite-like amino acids
(39), cell wall precursors (25), and nucleotides (4) have also
been undertaken. However, the environmental factors affect-
ing pool sizes have not been looked at in detail, and certainly
not across several classes of metabolite. Given that E. coli can
contain up to 1,200 or more low-molecular-weight compounds
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(20), a more complete view of metabolites and metabolism
would be gained by a more inclusive metabolome approach.

Ideally, noninvasive techniques like nuclear magnetic reso-
nance spectroscopy can be used for metabolite analysis, but in
practice this approach has been limited to certain culture con-
ditions and classes of metabolites, predominantly phosphory-
lated compounds (discussed in reference 44). To get an im-
pression of the overall contents of a cell, we preferred to adopt
an analysis where all '*C-labelled water-soluble compounds
extracted from bacteria are present in a two-dimensional (2-D)
space on a thin-layer chromatography (TLC) plate. Although
not as instantaneous as noninvasive techniques, cellular label-
ling is possible under various culture conditions, and the 2-D
separation approach permits use of parallel technology to pro-
teome studies, such that quantitation and software developed
to match spots in 2-D arrays should also be usable in metabo-
lome analysis (41, 45). The technical advantages and disadvan-
tages of this approach are discussed in light of the results
obtained below.

To experimentally test the metabolome strategy, variability
of metabolite pools was investigated in bacteria growing in
minimal medium with glucose as the sole carbon and energy
source. Altered growth rates were achieved with glucose-lim-
ited continuous cultures set at different dilution rates. Recent
results suggested that endogenous pools of sugars (galactose
and maltotriose) involved in gene induction vary considerably
at different growth rates in chemostats (13, 32, 33), and so a
global analysis under these conditions was also important from
the point of view of metabolites that have important gene-
regulatory functions.

A particularly important aspect of growth rate regulation is
due to the RpoS sigma factor-dependent stress responses of E.
coli approaching stationary phase (14, 24). Although the gene-
regulatory role of RpoS is well established, the metabolic ef-
fects of global gene regulators are far less well defined. The
known role of RpoS in regulating trehalose and glycogen syn-
thesis genes (19) already points to a significant influence on
cellular metabolism, and expression of RpoS-regulated genes
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FIG. 1. The metabolome of E. coli growing on glucose. Extracts were obtained from chemostat-grown bacteria at low (a) or high (b) dilution rate with limiting 0.02%
glucose or from an exponentially growing culture with 0.2% glucose (c). The extracts were subjected to TLC in solvent system A, and the phosphorimages were labelled
with the positions of spots corresponding to the following: 1, glutamate; 2, trehalose; 3, glucose; 4, UDP-glucose plus UDP-galactose; 5, adenosine; 6, aspartate; 7, lysine;
8, UDP-N-acetylglucosamine; 9, glutathione; 10, putrescine. The lettered spots were unidentified compounds mentioned in the text. The origin of the chromatographs

was the bottom left.

was previously shown to be affected in glucose-limited chemo-
stat cultures growing at slow rates (32). The metabolome anal-
ysis described in this study therefore also tested whether cel-
lular metabolism is sensitive to the loss of sigma factor in rpoS
mutants. The metabolite shifts observed indicate that the ap-
proach used here also opens the way to assessing the function
of other global gene regulators whose metabolic effects are
largely undefined.

MATERIALS AND METHODS

Materials. Bacterial cultures were labelled with [U-'*C]glucose (303 mCi/
mmol), obtained from Amersham Life Science, Sydney, New South Wales, Aus-
tralia. The TLC plates for separations were Merck silica gel 60 plates with
fluorescence indicator (Merck Pty. Ltd., Kilsyth, Victoria, Australia). The sol-
vents and standards for chromatography were all analytical-grade reagents from
commercial sources.

Bacterial strains and media. The E. coli K-12 strain BW2951 [F~ araD139
(AargF-lac)U169 flbB5301 ptsF25 rbsR deoCl relAl rpsL150 ®(lamB-lacZ)] (31)
was used as wild type for labelling experiments. Strain BW2996 contained an
additional rpoS::Tnl0 mutation but was otherwise identical to BW2951, the
rpoS™ strain used and characterized previously (32).

The chemostat and batch media, together with the culture conditions used in
this study, were as previously described (9, 11). Minimal medium A (MMA) (28)
was the basal salts medium for both chemostat and batch cultures.

Labelling with ['*C]glucose and extraction of metabolites. Strains BW2951
and BW2996 were cultured in 80-ml chemostats and equilibrated at low (D = 0.1
h™! culture) or high (D = 0.6 h™! culture) dilution rate with limiting 0.02%
glucose input to the medium. A three-way tap was arranged in the medium feed
line to allow a switch from the standard medium reservoir to labelling medium
while pumping continued at the same dilution rates. The labelling medium
contained 6 ml of MMA and 0.02% total glucose concentration spiked with
[U-'4C]glucose (300 wCi in the 6-ml labelling mix). The delivery of the labelling
medium was followed by flushing of tubing into the vessel with unlabelled
medium. The total time of exposure to labelling was 9.5 min for the D = 0.6 h™!
culture and 47 min for the D = 0.1 h™! culture. Bacteria were then immediately
harvested from the chemostat by centrifugation (10 min at 6,000 X g) at 0°C,
washed twice with MMA, and resuspended in 1 ml of water.

To label batch cultures, an exponential culture growing in 0.2% glucose in
MMA was centrifuged and resuspended in 80 ml to an optical density of 0.3 at
580 nm, to parallel the conditions of the chemostat cultures. This culture at 37°C
was incubated with 0.2% glucose mixed with 300 nCi of [**C]glucose, as specified
above, for 9.5 min (this was the labelling time for the D = 0.6 h™' culture).
Harvesting and processing of this batch culture were then done as described
above for the chemostat cultures.

Extraction of *C-metabolites. Concentrated, labelled bacteria were immedi-
ately lysed by the addition of 2 volumes of boiling ethanol. Excess ethanol was

removed by boiling for 30 min. Debris was removed from extracts by centrifu-
gation in an Eppendorf centrifuge for 10 min. Samples were freeze-dried and
resuspended in 70 wl of water. Insoluble material was removed by centrifugation
and scintillation counting of the various extracts permitted equivalent loadings to
be applied to the TLC analysis plates. Approximately 5 X 10° dpm of labelled
material was applied to the plates.

Separation by TLC. The analysis was carried out on 10- by 10-cm aluminum-
backed silica gel plates. The plates were activated at 110°C for 20 min before
extracts were spotted and dried by heating 3 min at 80°C. Four pairs of solvent
systems were used for 2-D elution of spots applied to the bottom left corner of
TLC plates as shown in Fig. 1. Some elutions required two consecutive devel-
opments with the same solvent system to achieve a good separation; in these
elutions, the plate was dried for 20 min in a ventilated fume hood and then for
3 min at 80°C between different solvent runs. All of the four solvent combinations
used were those described by other workers (18, 21, 22, 27, 42): elution of the first
dimension twice with pyridine—dioxan-28% (wt/wt) ammonia-water (35:35:15:15,
vol/vol) before elution of the second dimension twice with butanol-acetone-
acetic acid-water (35:35:7:23, vol/vol) (system A); B-elution twice with propanol—
methanol-28% (wt/wt) ammonia-water (60:20:20:20, vol/vol) in the first dimen-
sion, followed by elution twice with butanol-acetone-acetic acid-water (35:35:7:
23, vol/vol) in the second dimension (system B); development of the first
dimension once with butanol-acetone-0.1 M phosphate buffer, pH 5 (40:50:10,
vol/vol), and then elution of the second dimension once with butanol-2-propa-
nol-0.5% (wt/vol) boric acid (30:50:20, vol/vol) (system C); and elution of the
first dimension twice with chloroform-methanol-28% (wt/wt) ammonia (40:40:
20, vol/vol) and then once with butanol-acetic acid—pyridine-37% (wt/wt) form-
aldehyde (30:30:20:10) (system D).

Detection of '“C and standards on TLC plates. Radioactive spots were de-
tected on plates by using a Molecular Dynamics PhosphorImager and recording
and processing results with the Molecular Dynamics ImageQuant package. The
ImageQuant data were converted to 8-bit TIFF files before import into Canvas
version 4 for the preparation of Fig. 1 and 2.

Chemical detection was used for the metabolites added in spiking experiments
for testing comigration with labelled spots. Applied standards were 1 pg for
amino acids and polyamines and 4 pg for sugars and other compounds. Amino
acids and polyamines were detected by spraying with ninhydrin (300 mg dissolved
in 100 ml of ethanol plus 3 ml of acetic acid) and heating for a few min at 120°C.
Compounds with vicinal diol groups such as sugars, alditols, and sugar phos-
phates were visualized with lead tetraacetate (1 g in 100 ml of ethanol); reducing
sugars, aldehydes, and ketones were visualized with 4-nitrophenylhydrazine (100
mg in 32% HCl-ethanol [1:9, vol/vol]); nucleosides were visualized under UV
light (254 nm).

Amino acid analysis. Metabolite extracts obtained as described above were
derivatized with 9-fluorenylmethyl chloroformate and separated with a GBC
AminoMate system (GBC Scientific Equipment, Dandenong, Victoria, Austra-
lia). Duplicate analyses on each sample were carried out as a service by the
Australian Proteome Analysis Facility, Macquarie University.
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FIG. 2. The metabolome of E. coli growing on glucose and the effect of an rpoS mutation. The details are as for Fig. 1 except that the extracts were subject to TLC
in solvent system B. Panels d and e represent the metabolomes of the rpoS mutant BW2996 growing at low (0.1 h™') and high (0.6 h™') dilution rates, respectively.

RESULTS

The initial metabolome comparisons were of bacteria grown
on glucose in minimal medium at three different growth rates.
Exponential batch cultures (doubling time of 0.9 h) and glu-
cose-limited chemostats set at D = 0.6 and 0.1 h™' (doubling
times of 1.15 and 7 h) were labelled with [U-'*C]glucose and
extracted for water-soluble metabolites. The **C-labelled ex-
tracts were applied to silica TLC plates subjected to 2-D elu-
tion with different solvent systems in each dimension. The
radioactive spots on the plates were visualized by phosphorim-
aging, as shown in Fig. 1.

In Fig. 1, with TLC plates developed with system A opti-
mized for amino acid separation (22), the resolved and unre-
solved spots represent all water-soluble carbon-containing
compounds of the cell in the 2-D space analyzed. System A
resolved not only amino acids but also sugars like glucose and
trehalose, as well as metabolites like UDP-sugars. Depending
on the sample, 60 to 70 spots could be visualized on the plates
in Fig. 1. Comigration is likely to lead to an underestimate of
spot numbers present, but the number of spots detected was
still low relative to the 1,200 or so possible metabolites in a cell
(20). Judging by the amount of label at the origin (more than
45% of the total label on the plate), many metabolites, includ-
ing most phosphorylated compounds, may have been unre-

solved in Fig. 1. Also, the low number of spots suggests that
only the more abundant metabolites were labelled sufficiently
to be detected by the method used. Many metabolic interme-
diates and signalling molecules, like cyclic AMP, are present at
micromolar concentrations in a cell, and most of these are
likely to be below the detection limit of the approach in Fig. 1.
The detection limit could be estimated from the lack of a
distinct galactose spot in samples such as in Fig. 1b, which
contains ca. 0.3 mM endogenously produced intracellular ga-
lactose in independent enzymatic estimations (10). Hence,
only high-abundance metabolites present in millimolar con-
centration, but including most of the interesting stress metab-
olites of the cell, are labelled sufficiently to be seen in Fig. 1.

As only 40 to 60% of the extracted label was moved from the
origin by the solvent system used for Fig. 1 (and by many other
systems tested), different solvent pairings were used to elute
compounds not particularly well resolved in Fig. 1. An alter-
native means for resolving interesting stress metabolites like
putrescine and glutathione as well as some nucleotides was
with plates eluted in system B (Fig. 2). The total number of
individual spots (ca. 70) was not much greater than in Fig. 1,
but the metabolites in the unseparated region near the origin
in Fig. 1 (system A) were better resolved in system B, and spots
labelled 1 to 10 were altogether better separated. In total, we
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FIG. 3. Changes in pool sizes as determined by metabolome analysis. The spots corresponding to the compounds identified (a) and unidentified (b) in Fig. 1 and
2 were quantitated with ImageQuant software in four to six independent determinations.

used four different pairs of solvents for resolving metabolites in
each sample; 2-D analyses with the other systems (not shown in
Fig. 1 and 2) were used to confirm identities and quantities of
metabolites separated. Many metabolites stayed at the origin
with system C, but it was useful for resolving the high-R; spots
seen with systems A and B. System D, like system B, was useful
for sugar phosphates and nucleotides. Many of the spots in
system D were less sharp, but the system also permitted good
quantitation of glutamate and glutathione. Each of the metab-
olites analyzed below was resolved and identified (by comigra-
tion with standards) in at least two of these four elution sys-
tems.

The patterns shown in Fig. 1 and 2 were reproducible in each
system, and quantitative data for identified spots (using Im-

ageQuant software) were encouragingly similar for indepen-
dently grown, independently extracted, and separately ana-
lyzed samples. As an indication of the reproducibility, the
percentage of each of 10 identified metabolites as a proportion
of the applied metabolome was estimated by ImageQuant den-
sitometric analysis and compared in repeat experiments (Fig.
3). This form of quantitation does not provide the absolute
concentration of the metabolite in the cell, but the advantage
of considering the proportion of the metabolome is that it
avoids the problems associated with standardizing the harvest-
ing and extraction conditions for different extracts. The data in
Fig. 3, representing the means and standard deviations of four
to six estimations for each of the 10 metabolites under each
growth condition, suggest that the differences in pool sizes
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FIG. 3—Continued.

within samples obtained at a particular growth rate were small
relative to differences between growth conditions. The identi-
fied spots, many of which significantly increase or decrease in
intensity with various conditions, are numbered 1 to 10 in Fig.
1 and 2. There were obvious trends in pool changes, increasing
or decreasing with growth rate on glucose. The significance of
these trends is considered in Discussion.

Differences in spot intensities were found with many com-
pounds besides those identified as metabolites 1 to 10. The
lettered spots in Fig. 1 and 2 did not comigrate with known
standards but, as shown in Fig. 3b, also gave differences in
intensity under different growth conditions. The trends shown
by compounds such as spots A, B, S, and T were unlike those
exhibited by the identified metabolites, in that these pools were
either maximal or minimal at intermediate growth rates. The

arrowed spot E is not included in Fig. 3 quantitations, as this is
one spot which did significantly vary in concentration between
experiments. Although visual comparison of Fig. 1a, b, and ¢
gives the impression that spot E is heavier in the batch sample,
this pattern was not maintained in other experiments. This
variability in spot E intensities was the exception rather than
the rule in these studies.

Given the considerable change in metabolite pools at low
growth rate, metabolome analysis was repeated with bacteria
containing an 7poS::Tnl0 mutation. As shown in Fig. 2d and e,
the changes in metabolite pools for some but not all com-
pounds were sensitive to the rpoS mutation. In general, the
difference between wild type and mutant was more marked at
the lower dilution rate; this was to be expected, as rpoS ex-
pression is not significant at the higher dilution rate (13, 32).
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FIG. 4. Glutamate pools measured by HPLC analysis. Duplicate samples of
the five types of cell extract obtained as for Fig. 2 were analyzed for amino acids
by using an AminoMate system. The mean of the glutamate quantities obtained
for each type of sample is shown.

The trehalose spot disappeared in the rpoS mutant at D = 0.1
h™ ', but the glutamate pool size decreased at low growth rate
despite the mutation. If anything, glutamate pools were even
lower in the mutant. As discussed below, some but by no means
all metabolic changes at slow growth rate are identifiably re-
lated to rpoS control.

As the growth states tested by metabolome analysis identi-
fied significant changes in glutamate pools, chemical amino
acid analysis was also carried out to verify the data with ex-
tracts from bacteria grown on glucose. As shown in Fig. 4, the
changes in the proportion of glutamate found by TLC analysis
were mirrored by the quantitation of glutamate by using high-
performance liquid chromatography (HPLC) methods. Also as
found by metabolome analysis such as that for lysine, there was
no great shift in the proportion of other amino acid pools
(results not shown). There was one notable exception: the aspar-
tate pool as measured after HPLC gave a large signal, particularly
in the D = 0.1 h™! samples. A high quantity of aspartate was
not evident in the metabolome separations by 2-D TLC, and
the aspartate spot was not prominent at low dilution rates in
either the wild type or the 7poS mutant. Presumably, another
unidentified cellular component present in the extract migrates
like Asp under the separation conditions used in HPLC.

DISCUSSION

These results present a new window for viewing cellular
function. The metabolome as experimentally described in this
study complements strategies such as proteome analyses in a
global view of cellular responses. The 2-D TLC approach has
the advantage of being able to view the total metabolite pool.
Quantitation of individual spots as a proportion of the total
pool also avoids problems with variable recoveries and cell
volume measurements for comparison of different extracts.
2-D TLC is a simple, inexpensive, and nondestructive proce-
dure from which spots can be recovered for further analysis.
System B (Fig. 2) is the best 2-D system for the metabolites
identified in this study, but variation of the stationary phase
and the solvent systems allows resolution of molecules with
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different properties. Despite these advantages, the practical
compromises involved in the present study warrant further
discussion.

The analysis as currently used has the disadvantage that it is
neither an instantaneous view of the metabolome nor a com-
plete one, as less than 10% of the estimated number of me-
tabolites are resolved and detected, as shown in Fig. 1 and 2.
Of course, many of the 1,200 or so catalogued metabolites in E.
coli (20) are present as intermediates in pathways not induced
during aerobic growth on glucose, including degradative path-
ways for other nutrients and anaerobic metabolism. Low-abun-
dance metabolites (which we estimate to be below ca. 0.5 to 1
mM in the cell) are not detected in the current approach.
Indeed, in studies using alternative physiological conditions
(such as anaerobic metabolism or application of stress states),
it will be interesting to see if more of the metabolite pools are
detectable or shift significantly.

A limitation of the current method is that metabolites with
very fast turnover during the extraction process are not likely
to be accurately quantitated. However, previous studies on
amino acid pools indicate that the sampling times do not sig-
nificantly alter the pattern observed with E. coli (39), and we
do not see significant variation in the spot patterns in repeat
samples extracted at different times, with the exception of spot
E to this generalization. In this respect, perhaps it is actually an
advantage that only the high-abundance metabolites are de-
tected in Fig. 1 and 2 in that the turnover of these is likely to
be slower than that for metabolites like glycolytic intermedi-
ates (44). Despite these limitations, it is possible to obtain a
reproducible fingerprint of metabolism, particularly of stress-
associated metabolites, present under different culture condi-
tions.

Analysis of the same strain growing aerobically on glucose
but at different levels of nutrient limitation gave quite different
metabolome patterns with the spots analyzed in Fig. 3. The
trends seen with individual metabolites range from the ex-
pected to the unexpected. Each of the identified metabolites is
briefly considered.

Glutamate. The amino acid glutamate is known to be the
most abundant intracellular metabolite and particularly sensi-
tive to osmotic perturbation (6, 39). Glutamate pools increase
sharply on osmotic upshock, but the amino acid is slowly re-
placed by compatible solutes such as trehalose (43). In our
studies, the osmolarity of the medium was unchanged during
growth and labelling, and so differences in glutamate levels
were not osmolarity driven. Glutamate was indeed the most
dominant single spot (ca. 20% of all metabolites on the TLC
plate, including unresolved spots at the origin) in batch culture
or at high dilution rate under glucose limitation. However, the
glutamate level dropped dramatically (to less than 3%) at low
growth rate. Glutamate was replaced by trehalose as the single
most abundant component of the metabolome, consistent with
the previous demonstration of trehalose accumulation in slow-
growing bacteria (32). Slow-growing bacteria induce RpoS-
dependent metabolism such as trehalose synthesis (37). But
glutamate pool reduction during slow growth was not RpoS
dependent per se, since the rpoS mutant had even less gluta-
mate at low dilution rate. As demonstrated earlier by Senior
(36), a-ketoglutarate levels decrease significantly at low dilu-
tion rates in glucose-limited chemostats, and so the glutamate
pools may reflect a change in tricarboxylic acid cycle regulation
at low growth rates.

Trehalose. As noted above, trehalose accumulation was
found solely during very slow growth. As can be seen from the
error bars in Fig. 3a, the extent of trehalose accumulation was
variable in different cultures at D = 0.1 h™' but was always
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much higher than under any other growth condition. Consis-
tent with the RpoS-dependent nature of the biosynthetic otsAB
genes (37), trehalose synthesis was abolished in the rpoS mu-
tant.

Glucose. Free glucose was not observed in high amounts in
the samples, even though the sugar was the extracellular source
of the **C label. This finding was to be expected, since glucose
is mostly transported by the phosphoenolpyruvate:sugar phos-
photransferase system in batch culture, resulting in phosphor-
ylated intracellular glucose (8). Even at D = 0.6 h™ ', where
glucose is partly accumulated by the Mgl system without phos-
phorylation (13), there was no accumulation of glucose. Free
intracellular glucose can be phosphorylated by glucokinase
(26). If anything, the slight trend was for increased intracellular
levels with slower growth. These results do not support the
suggestion that free glucose is the source of endogenous in-
ducer in mal gene regulation under glucose limitation (12), as
mal induction is highest at D = 0.6 h~ ' (13). As with trehalose,
glucose pools were somewhat variable but strongly reduced by
the rpoS mutation. The metabolic basis for this result is un-
clear, in that no enzyme dephosphorylating glucose 6-phos-
phate is known to be under RpoS control. Possibly, higher
glucose pools are a result of trehalose recycling (37) when the
disaccharide is present at high concentration at low growth
rates.

UDP-glucose and UDP-galactose. The separation tech-
niques used in this study do not resolve UDP-glucose and
UDP-galactose with any of the solvent combinations, and so
they are considered together. Both of these cellular compo-
nents are intermediates in cell wall and lipopolysaccharide
synthesis, and UDP-glucose has also been proposed to have a
regulatory role in stationary-phase gene expression through an
unspecified action on RpoS (5). The trend in our results is for
the combined pool to increase with decreasing growth rate.
The highest concentrations of UDP-sugar were associated with
a growth rate (D = 0.1 h™ ') known to lead to increased RpoS
function (32). But according to the proposal of Bohringer et al.
(5), the RpoS level should be negatively controlled by in-
creased UDP-glucose. Three explanations can be offered for
the discrepancy. First, other controlling factors override the
negative effect of increased UDP-sugar pools in RpoS regula-
tion, which cannot be excluded. Second, an increase in UDP-
galactose masks the decrease in UDP-glucose, and so the com-
bined pool that we observe changes in composition; this
possibility also cannot be excluded, but since UDP-glucose is
the precursor for UDP-galactose, it seems less likely. The third
possibility is that the indirect evidence accumulated by Bo-
hringer et al. (5) led to an incorrect conclusion; UDP-glucose
levels were not directly measured in that study, based as it was
on metabolic-block mutants.

Adenosine. Pools of free bases are not normally present at
high levels in exponentially growing bacteria, but entry into
stationary phase results in endogenous and exogenous accu-
mulation of nucleobases in E. coli cultures (35). Figure 3 shows
a very strong trend of higher adenosine levels in slow-growing
bacteria. The increase in adenosine pools was not abolished in
the rpoS mutant and so is independent of this form of station-
ary-phase control. The accumulation of nucleobases on entry
into stationary phase was ascribed to ribosomal degradation
(35). This cannot be the entire story because adenosine (and
most likely the other bases migrating to the top right corner in
Fig. 1) accumulates even in steady-state, slow-growing bacteria
which are not degrading ribosomes due to a downshift. Hence
the high adenosine pool is typical of slow growth, as is the high
concentration of cyclic AMP under these conditions (33).

This study did not address the nature of ATP pools directly
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and whether the recently postulated growth rate regulation
affects levels of nucleoside triphosphates (15). In our TLC,
ATP, ADP, and AMP were separated in system B but were too
close to overlapping spots for accurate quantitation. It remains
to be investigated whether the adenosine/A(N)P pools are
coordinately regulated.

Aspartate and lysine. The spot corresponding to aspartate
markedly decreased in intensity with growth rate, being highest
in exponentially growing bacteria. In this respect, aspartate
pools followed the glutamate pattern, though the D = 0.6 h™!
culture was also affected. In contrast, there was no significant
change under any condition with lysine levels. Indeed the con-
stant lysine pattern was true for several other amino acids, both
in metabolome analysis and in HPLC assay (results not
shown). Therefore, the shifts in glutamate and aspartate pools
are more likely to be relevant to general metabolic regulation
than protein precursor control.

UDP-N-acetylglucosamine. The nucleotide sugar UDP-N-
acetylglucosamine is an immediate cell envelope precursor. Its
concentration, as well as that of the other UDP-sugars exam-
ined, increases with decreasing growth rate. It is not intuitively
obvious why this should be so, as cell wall synthesis should
proceed more slowly in slow-growing bacteria. Whether this
has a regulatory significance is also unknown. The rpoS muta-
tiOIll has a partial negative effect on this pool solely at D = 0.1
h™.

Glutathione. Levels of glutathione, an important metabolite
in maintaining redox balance in cells, are closely linked to
oxidative stress responses (7, 17, 34). Our conditions were fully
aerobic in each culture investigated, and so major changes in
glutathione levels were not expected. The glutathione spot did
not show significant changes in intensity except for a small
drop in slow-growing bacteria. Previously, an increase in glu-
tathione pools was found in stationary phase (23), but the
increase was dependent on the presence of exogenous amino
acids and did not occur in glucose minimal media such as the
one we used. A possible reason for slightly lower glutathione
levels may be the much lower glutamate concentrations during
slow growth, as glutamate is required for glutathione synthesis
(1).

Putrescine. Polyamines like putrescine are normally present
in high concentration in E. coli, but their pool size is markedly
affected by culture conditions (38). As for glutathione, the
increase in putrescine concentration in stationary phase in
batch culture is influenced by the presence of amino acids like
arginine as well as environmental factors such as pH and aer-
ation (38). High osmolarity also reduces putrescine levels (29),
a finding confirmed in glucose-limited chemostats run at high
osmolarity (result not shown). Putrescine levels were lower at
D = 0.1 h™! under glucose limitation in the 7poS mutant but
not as dramatically reduced as trehalose or glucose pools.

Other unidentified metabolites. Most of the 60 or so other
spots in Fig. 1 and 2 are still unidentified. Among these, par-
ticular trends were observed with the letter-labelled spots
quantitated in Fig. 3, and indeed this is why the lettered spots
were chosen for reporting. The first type of trend is the in-
crease of pools with decreasing growth rate. As for trehalose,
spots C, D, Q, and P were markedly increased at D = 0.1 h™*.
Another example was with spots A and T, in that their pool size
was greatest at D = 0.6 h™ ', as were galactose and maltotriose
pools in earlier studies (10, 31). Yet another pattern was with
spots B and S, which had the lowest pool size at this interme-
diate growth rate.

Based on the mobilities in Fig. 1 and 2 and pool trends
shown in Fig. 3, it is possible that spots A and T as well as spots
B and S represent identical molecules. Without identification
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and the possibility of testing comigration with standards, this
conclusion may be premature. Identification of further spots is
obviously necessary for more detailed metabolome compari-
sons.

In conclusion, each of the trends reported here illustrates
that metabolic pools are under strict physiological control. The
metabolome approach is evidently a means of discovering
these trends. In future, improvements in technology and the
study of metabolomes with other stresses should reveal previ-
ously unexplored responses of metabolism to environmental
regulation.
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